Abstract-In this work, we have analyzed a joint spatial diversity and multiplexing transmission structure for MIMO-OFDM system, where Orthogonal Space-Frequency Block Coding (OSFBC) is used across all spatial multiplexing branches. We have derived a BLAST-like non-linear Successive Interference Cancellation (SIC) receiver where the detection is done on subcarrier by sub-carrier basis based on both Zero Forcing (ZF) and Minimum Mean Square Error (MMSE) nulling criterion for the system. In terms of Frame Error Rate (FER), MMSE based SIC receiver performs better than all other receivers compared in this paper. We have found that a linear two-stage receiver for the proposed system [1] performs very close to the nonlinear receiver studied in this work. Finally, we compared the system performance in spatially correlated scenario. It is found that higher amount of spatial correlation at the transmitter can be tolerated, whereas higher receive spatial correlation is detrimental to the system.
I. INTRODUCTION Multiple antennas will be an integral part of all future generations of wireless systems. Multiple Input Multiple Output (MIMO) systems can be divided into two broad categories: Space Diversity (SD) systems and Spatial Multiplexing (SM) systems. SD-MIMO can provide higher reliability in the system, whereas SM schemes guarantee higher spectral efficiency without increasing the bandwidth requirement. All of these MIMO algorithms perform well in frequency flat scenario. Thus, Orthogonal Frequency Division Multiplexing (OFDM) can be put together with MIMO and the processing can be done on OFDM sub-carrier basis. In this way, the MIMO benefits can be obtained also in wideband systems.
In recent years, there is an effort to derive MIMO schemes, where both SD and SM benefits are achievable. We term such schemes as Joint Diversity and Multiplexing (JDM)-MIMO schemes. [2] proposed a JDM scheme, and derived a spatial whitening matched filter. Later [3] derived a linear two-stage receiver for a JDM system, where SM and SpaceTime Block Code (STBC) are combined at the transmitter. In this receiver, the SM branches are first separated based on Least-Square (LS) principle and then the particular STBC branches are detected. We have extended this linear receiver for Spatially-Multiplexed Orthogonal Space-Frequency Block Coded Orthogonal Frequency Division Multiplexing (SM-OSFBC-OFDM) system in [1] . We have combined Orthogonal Space-Frequency Block Code (OSFBC) and SM in one structure, where OSFBC is realized using well-known Alamouti 0-7803-9206-X/05/$20.00 ©2005 IEEE orthogonal coding [4] The key idea of the non-linear receiver is to decode the symbol streams successively and strip the streams away layer by layer. At the beginning of each stage, the stream with highest SNR is chosen using ZF or MMSE detection for peeling. Once one particular layer is decoded, then the effect the detected layer is subtracted from the received signal and the next branch in terms of SNR strength is chosen. This is continued until the last layer is decoded. This kind of nonlinear detection is called OSIC. OSIC is performed on subcarrier by sub-carrier basis. On each sub-carrier, the detection scheme appears to be very similar to VBLAST detection, as derived in [5] . OSIC improves the detection quality compared to detection without ordering and is shown to be optimal for SIC approach [6] . In [7] a non-linear receiver for an hybrid scheme combining SM and Transmit Diversity (TD) is n1,0 nms n2,0 n*, ]T. We denote the equivalent channel in (7) Exactly the dual procedure of (13)-(17) has to be applied if I = arg mini{dl, d2} = 2. In that case, first we decode the second SM branch and then we detect the first branch.
III. ANALYSIS, SIMULATIONS AND DISCUSSIONS A. System Parameters
We have used two simulation scenarios as explained in Table I . For all our analysis and simulations, we have confined ourselves to the case of 2 or 4 antennas on transmit side and dual antennas on receiver side. For MIMO multiplexing, 2 SM branches are simulated (i.e. Q = 2, P = 2 and A = 2). We assume that perfect time and frequency synchronization is established. We also assume that perfect channel estimation values for each sub-carrier for both the spatial channels are available at the receiver. We use the exponential channel model to generate the corresponding CIR and CTF of the channel. In our exponential model, the power delay profile of the channel is exponentially distributed with decay between the first and the last impulse as -40dB. Figures 2 and 3 show the Frame Error Rate (FER) performance of the combining schemes in indoor and outdoor scenario respectively. In indoor scenario, a frame consists of N*Lf *M*P*RC = 64* 16*2*2*0.5 = 2048 source bits, while in outdoor scenario, it is 256 * 16 * 2 * 2 * 0.5 = 8192 source bits in one frame. All the transmission schemes use Quadrature Phase Shift Keying (QPSK). Total transmitted power is always kept constant, so that comparison is done on equal footing. So the power transmitted via any branch is always PT and PT for all JDM and SM schemes respectively, where PT is the total transmitted power. As a reference, ML is plotted along with the other schemes, so that the benefit out of the optimal receiver is also compared.
B. FER Analysis
As it is seen, for both indoor and outdoor scenario, SM-OSFBC-MMSE-OSIC performs better than all other schemes. This is due to the fact that two added antennas at the transmitter provide a form of SNR boost for the system and also the SIC receiver provides better detection. Compared to this, SM-OSFBC-MMSE-Lin system performs quite close to SM-OSFBC-ZF-OSIC. Both the linear receiver schemes approaches to MMSE non-linear schemes by 2dB and 3 db respectively at an FER of 10-2 for indoor scenario. This is significant considering the fact that linear receiver is simpler to implement compared to non-linear receiver. It is generally noted that JDM schemes performs much better compared to simple SM schemes. This is achieved at the cost of the increased system complexity, as the transmitter will require more antennas.
Similar trend is also noted in outdoor scenario. Including more antennas for transmitter OSFBC offers immense benefit. But, of course, it is clear that outdoor channel is more frequency selective, thus all the systems require more SNR compared to indoor scenario for any FER reference point.
C 10% Channel Outage Capacity and Average Spectral Efficiency
Outage analysis is a form of reliability analysis. We define 10% outage channel capacity as the information rate that is guaranteed for 90% of the channel realizations, such that the probability that outage rate falls below the certain threshold rate is at most 10% [6] . The 10% outage channel capacities for Spatial Multiplexed Orthogonal Frequency Division Multiplexing (SM-OFDM) and SM-OSFBC-OFDM are given in Figure 4 . Here the channel responses are simulated for indoor environment and then the outage capacity is calculated. For reference purpose, 2xl OSFBC outage channel capacity is plotted in the figure. 4x2 SM-OFDM shows the optimum achievable outage channel capacity derived from Shannon limit. We can see that upper bound in outage channel capacity of our scheme (i.e. 4x2 SM-OSFBC-OFDM) approaches very close to the above mentioned limit. As expected, the difference in 10% outage channel capacity of SM and JDM scheme is 3 bps/Hz at comparatively low SNR (i.e. at 4dB of SNR) and is more than 5 bps/Hz at comparatively high SNR (i.e. at 16dB of SNR). Figure 5 shows us the average spectral efficiency of the studied systems in indoor scenario. The Figures 6 and 7 , we produce the FER results of all the schemes. These results are obtained for indoor wireless channel parameters as mentioned in Table I . We have modelled the correlation values for different antenna spacing and we have plotted the correlation values in the figure. For Figure 6 , we varied the transmit correlation and fixed the receive correlation to 0.3, and the opposite is done for Figure 7 . The results are obtained for a particular SNR value, i.e. 12dB. One interesting conclusion that can be drawn from the figures is that receive correlation affects these systems much more than transmit correlation. This is because of the fact that no extra diversity measures are taken in the receiver. From Figure 7 , we see that the FERs start to increase very fast when the correlation increases more than 0.3, that corresponds to separation between receive antenna elements of at least 1.67 cm. This is true for all SM-OSFBC systems. For increasing transmit correlation with a fixed receive correlation, the degradation in JDM schemes is gradual. Up to 60% of spatial correlation between the transmit antennas, the JDM schemes perform quite consistently, it worsens only when the spatial correlation is increased more than this. Thus, as long as the transmit elements are separated by a spacing of at least 1.17 cm for our system, the effect of spatial correlation in FER performance is not quite significant for JDM systems. For transmit correlation values up to 50%, only SM-OSFBC-MMSE-SIC provides FER below 10-2 at 12dB of SNR.
For both cases, ZF-BLAST and MMSE-BLAST performs quite badly, when the spatial correlation is increased more than 0.3. Thus, it is evident that original VBLAST systems are not so robust in spatially correlated scenario as it was previously reported in [6] .
It should be kept in mind that our correlation model only takes into account the inter-element distance at both locations of transmission link as the contributing factor for defining the spatial correlation. There are a number of other factors that can also increase the spatial correlation across co-located antenna elements, such as presence of Line of Sight (LOS) components that causes Ricean fading, insufficient scattering in the environment, use of polarized antennas which leads to gain imbalances etc.
IV. CONCLUSION Non-linear receivers for JDM scheme are derived and analyzed in this paper. The studied schemes are compared with linear two-stage receivers [1] and original VBLAST systems [5] . It is found that non-linear JDM schemes performs very well in terms of FER in both indoor and outdoor scenario. Due to the advantages obtained from additional transmit antennas, JDM schemes are also very robust to transmit spatial correlation. In line with their better FER characteristics, these schemes also outperform other schemes compared in this paper in terms of average spectral efficiency.
Performances of the analyzed non-linear JDM schemes in more practical scenario, such as presence of LOS component, lack of rich scattering environment, etc., can be interesting issues for further studies. 
